INTRODUCTION
Dental erosion may be defined as tooth wear due to dissolution of the dental hard tissues by acids without the involvement of bacteria. 1 Erosion is becoming more commonly recognised in both adults and children, with over half of 15-18-year-olds exhibiting incisal erosion. 2 The severity of erosion is related to several factors, including the chemical properties of the erosive medium, and the frequency and method of contact between acid and tooth. It is also related to the effectiveness of the protective mechanisms in the oral cavity, including salivary composition, flow rate, and buffering capacity, pellicle formation, clearance rates, and individual dental anatomy. 3 Acids which cause dental erosion may be extrinsic or intrinsic in origin. Dietary acids are the most extensively studied aetiological agent, and can be said to be the most important extrinsic factor. 4 In particular, dental erosion by acidic soft drinks appears to be a growing problem and has been the subject of numerous studies in vitro and in situ. [4] [5] [6] The erosive potential of a soft drink depends on chemical parameters, including pH, titratable acidity, and calcium and phosphate concentrations. 7, 8 The titratable acidity is a measure of the total acid content of a drink, and is thought by some authors to be a more accurate means of predicting erosive potential than pH. [9] [10] [11] Exposure to an erosive medium results in irreversible loss of enamel from the tooth surface, and a layer of softened enamel 0.5-5 µm thick. 12, 13 Dental abrasion is defined as the wearing away of the dental hard tissues through physical means other than teeth. Brushing the teeth immediately after consuming acidic products accelerates enamel loss, as the softened layer is susceptible to abrasion. 14, 15 Enamel softening is reversible, whereby salivary calcium and phosphate lead to the remineralisation of the softened tissue. 12 If the time for remineralisation of enamel is not sufficient and abrasion occurs immediately after erosion, the softened tooth enamel is also removed. 14, 15 Little research has taken place using realistic, clinically relevant acid exposure and brushing times. Typical acid exposure times are in the region of several hours or days 8, 16, 17 and brushing studies often use several hundred or thousand brushing strokes. [18] [19] [20] In addition, many previous in vitro studies are not readily comparable since information on exposure and stirring technique were not reported and therefore rate of liquid flow or linear velocity is unknown. Variables such as these have important relevance to erosion, thus these studies may not accurately depict the impact of frequent soft drink consumption on enamel.
The aim of this in vitro study was twofold. Firstly, the erosive enamel loss due to soft drinks, and erosive-abrasive enamel loss due to cycling of soft drinks and toothbrush abrasion, was investigated under carefully controlled conditions. Secondly, the dependence of the thickness of the softened layer, and the amount of enamel removed by abrasion, was investigated as a function
I N B R I E F
• This manuscript discusses an investigation of the relationship between chemical parameters of popular soft drinks and enamel erosion.
• The effects of toothbrushing after exposure to soft drinks are described as a function of the chemical parameters of the drink.
• Clinically relevant times for erosion and brushing are used in this in vitro study.
• A correlation is drawn between the amount of tissue loss caused by erosion, and the extent of the softened layer, in that drinks which cause greater erosion also cause a thicker softened layer.
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of the composition and erosive potential of the soft drink. Optical profilometry was used to quantify enamel loss since it is a sensitive, non-destructive technique.
METHOD
Soft drinks
pH was measured using a pH meter (HI 9321 Microprocessor pH meter; Hanna Instruments, Leighton Buzzard, UK). Titratable acidity of 100 ml soft drink was measured by titrating to pH 7.00 using 1 mol l -1 NaOH. Calcium concentration was measured using atomic absorption spectroscopy and phosphate concentration was measured using a modification of the Chen method. 21 The measurements were performed in triplicate.
Six soft drinks were selected on the basis of sales figures and variation in titratable acidity and pH. This selection is discussed further in the Discussion section.
• 
mid-range pH/mid-range titratable acidity
• Ribena 'ToothKind' Blackcurrant Drink™ (GlaxoSmithKline Consumer Healthcare, Brentford, UK), high pH/low titratable acidity
Sample preparation
Seventy-two enamel samples were cut from the sides of sound, permanent human molars extracted from patients living in an area with unfluoridated water, using a diamond-edged saw (Microslice 2, Metal Research, Cambridge, UK). Samples were placed in polyurethane moulds measuring 8 x 5 x 2 mm and embedded in epoxy resin (Hitek Electronic Materials, Scunthorpe, UK) for 24 h. Samples were ground and polished using a lapping and polishing unit (Kemet International, Maidstone, UK) using silicon carbide discs of up to 1200 grit to expose a smooth, flat area of enamel. In addition to exposing a flat, smooth area for investigation, this process also removed the surface enamel which may be chemically altered by processes occurring in the oral environment, and exposed underlying enamel which is more chemically homogeneous. A baseline measurement of each sample was taken using a non-contact optical profilometer (Proscan 2000, Scantron, Taunton, UK), as described below, to ensure that it was sufficiently flat and smooth. The exposed enamel area was then partly covered with white PVC tape, allowing a 2 mm wide window to be exposed to the drinks. The samples were randomly allocated to six groups of six samples for each of groups A and B.
Group A: erosion Six enamel samples were simultaneously exposed to 500 ml of fresh drink at 36°C. The samples were attached at equal intervals around the circumference of a plastic Petri dish 8.5 cm in diameter. The disc was rotated using a Cat R50D overhead stirrer (Bennett Scientific Ltd, Newton Abbot, UK) at 110 rpm, corresponding to a linear sample velocity of 0.5 m s -1 . The stirrer was positioned such that the disc was ~ 2 cm from the side of the beaker and ~ 4 cm from the base of a 1 l beaker. After 10 min, the samples were removed and rinsed with distilled water. The adhesive tape was removed and the samples were allowed to dry in air for 30 min, and then profiled to measure enamel loss. Each sample was then taped again in the same position. This was repeated for a further five exposures for each of the six drinks.
Group B: erosion and abrasion
Group B samples were exposed to soft drinks in the same way as group A samples. After each erosive challenge the samples were then subjected to an abrasive challenge to represent toothbrush abrasion. A slurry of a non-fluoridated, calcium carbonatebased, British Standard Institute toothpaste (GlaxoSmithKline, Weybridge, Surrey, UK) was prepared in a 1:3 ratio with tap water. Two toothbrush heads, (Oral-B, size 35, regular, Gillette, London, UK) were inserted into a holder loaded with a 200 g weight, horizontally positioned above a tray filled with toothpaste slurry, as described previously. 22 Samples were brushed with 25 strokes of the toothbrush. After brushing, the samples were rinsed with distilled water and allowed to dry in air for 30 min. Samples were then profiled and then subjected to a further five erosion-profile-abrasion-profile cycles.
Measurement of erosion
Erosion was measuring using a non-contact profilometer (Proscan, Scantron, Taunton, UK). For each sample, the depth of enamel loss was measured at five equally spaced positions and a mean value taken. Erosion was measured after each erosive challenge for group A samples, and after each erosive challenge and each abrasive challenge for group B samples.
Statistical analysis
A one-way ANOVA of erosion data after 60 min total erosion time, followed by a multiple range test (Bonferroni) at a 95% confidence level, was performed to identify statistically homogeneous groups in each of group A and group B data. Paired t-tests were performed to identify whether or not there were statistically significant differences between erosive and erosiveabrasive material loss after 60 min total erosion time for each drink. The correlation between erosive and abrasive material loss was investigated by calculating the non-parametric correlation coefficient (Spearman's rho) between the mean material loss due to erosion per cycle and the mean material loss due to abrasion per cycle, for each drink (group B specimens).
RESULTS
The chemical properties of the drinks are shown in Table 1 . It can be seen that the apple drink had the lowest pH (2.74), whilst the orange juice had the highest (3.95). The other drinks had pH 25 Since all of the drinks tested had a pH of below 4, it was to be expected that exposure to each of them resulted in a progressive loss of enamel. The degree of erosion can be correlated with some of the chemical parameters. This suggests that pH is more important than titratable acidity in determining erosive potential. This contradicts other studies which indicate that erosive potential is influenced by titratable acidity. 7, 8, 10 This can be explained with reference to experimental conditions. This study employed a large volume of solution, thorough agitation, and clinically relevant exposure times, producing a constant composition chemical environment. Other studies have used smaller solution volumes and longer exposure times, resulting in a change in the composition of the drink over the duration of the experiment. Under changing conditions the buffering capacity (titratable acidity) of the drink can be expected to be a significant factor, however under constant composition the pH would be likely to be the more important parameter. The conditions described in the present study can be considered to be the more clinically relevant, since in vivo drinks are usually not held in contact with the teeth for prolonged periods, but are rather continually refreshed during drinking.
There was a negative correlation between calcium concentration and erosion, but no clear relationship between phosphate concentration and erosion. The importance of calcium can be explained with reference to thermodynamics, since calcium ions in solution inhibit further detachment of calcium ions from the enamel surface. The same argument might be thought to be applicable to phosphorus concentration too; however the fact that phosphorus has little or no correlation with erosion might be explained by the observation that calcium ions are detached from the hydroxyapatite surface before phosphate ions. 26 In addition, given the low ranging between these drinks. Titratable acidity ranged from 2.28 x 10 2 mmol l -1 ('ToothKind' blackcurrant drink) to 10.6 x 10 2 mmol l -1 (orange juice). Calcium concentration ranged from 0.40 mmol l -1 (apple drink) to 5.81 mmol l -1 ('ToothKind' blackcurrant drink). Phosphate concentration ranged from 0.11 mmol l -1 (cranberry drink) to 1.20 mmol l -1 (apple juice).
Group A: erosion
There was a statistically significant difference between the erosion caused by the drinks (p < 0.001, Fig. 1 ). There was a very large initial enamel loss with cranberry drink (15.5 µm (sd = 3.1 µm)). For the other drinks, erosion during the first exposure was not substantially greater than erosion over any of the subsequent exposures. In order of least to most erosive, the drinks could be classified into homogeneous groups as follows: 'ToothKind' blackcurrant drink, a orange juice, a,b orange drink, b,c apple juice, c apple drink, d cranberry drink, d where superscript letters indicate statistically homogeneous groups.
Group B: erosion and abrasion
There was a statistically significant difference between the erosive/abrasive loss caused by the drinks (p < 0.001, Fig. 2) . The enamel loss due to different drinks followed a similar pattern to group A and could be classified into homogeneous groups as follows: 'ToothKind' blackcurrant drink, a orange juice, a,b apple juice, b orange drink, b,c cranberry drink, c,d apple drink, d where superscript letters indicate statistically homogeneous groups.
Toothbrush abrasion caused additional enamel loss after a total of 60 min erosive challenge. This loss was statistically significant for all drinks: 'ToothKind' blackcurrant drink (p < 0.001), orange juice (p < 0.001), apple juice (p = 0.003), orange drink (p = 0.003), cranberry drink (p = 0.013) and apple drink (p = 0.001). The mean amount of abrasive enamel loss after exposure to the different drinks was: 'ToothKind' blackcurrant drink 0.57 µm, orange juice 0.86 µm, apple juice 0.73 µm, orange drink 1.20 µm, cranberry drink 1.25 µm, apple drink 2.16 µm.
There was a positive correlation between erosive and abrasive enamel loss (ρ = 0.771), which was significant at a 95% confidence level.
DISCUSSION
The drinks selected for this study displayed a wide range of pH and titratable acidities. From our own and other investigations, 23, 24 we identified a typical range for fruit drinks of 2.5 < pH Other studies have shown that calcium is substantially more effective than phosphate at reducing enamel erosion in modified drinks. 27 The amount of enamel removed by toothbrush/toothpaste was different for samples exposed to different drinks, although the brushing method was the same for all samples. This implies that the thickness of the softened layer is dependent on the chemical composition of the erosive drink. This has not been reported before. Our results indicate that drinks which cause the greatest erosion also cause the greatest subsurface softening. This would not necessarily have been expected, since it is logical that a more aggressive solution would remove surface enamel more quickly, but not necessarily that it would also penetrate more rapidly into subsurface enamel. It can be concluded, however, that this is the case, and that drinks which rapidly dissolve surface enamel also diffuse further into the enamel bulk in a given timeframe.
The toothpaste used in this study did not contain fluoride, as the aim of the study was to compare mineral loss due to chemical dissolution and mechanical abrasion, without the additional complication of chemical erosion protection which may be offered by fluoride. Although the potential of fluoride to reduce caries has been well documented, the effect on erosion is less clear, particularly in combination with abrasion, which is the most common delivery mechanism for intra-oral fluoride. Further research is necessary to investigate the interaction of chemical dissolution, mechanical abrasion and chemical inhibition of dissolution by fluoride.
Erosion in vivo is considerably less rapid than in vitro owing to the protective effect of the saliva and acquired pellicle. In addition, polished enamel such as used in this study is eroded more rapidly than natural enamel surfaces. 28 As such, the rate of material loss observed in this study can be considered to be much more rapid that that which would occur in vivo. Furthermore, the BSI toothpaste used in this study had a Relative Dentine Abrasion index of ~ 100, which is representative of the more abrasive toothpastes currently available on the market. This study therefore represents an exaggeration of the erosion which may occur in vivo. The correlation between erosive material loss and abrasive material loss, and therefore between erosive potential of the drink and depth of the softened layer, is thought to be of potential clinical significance. Another conclusion which can be drawn from our results is that studies which investigate only erosion may underestimate the potential harm caused by more erosive drinks, since these do not take into account the differing degrees of softening caused by the drinks.
The results of this in vitro study demonstrate that enamel softened by erosion is readily susceptible to abrasion through toothbrushing. In addition, drinks which cause the greatest erosion also result in a greater softened zone at the enamel surface. Under constant composition conditions, thought to be relevant to those found in vivo, pH and calcium are more important than titratable acidity or phosphate in determining erosive and softening potential of drinks. Toothbrushing following the consumption of acidic beverages should be postponed to minimise or avoid enamel loss.
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